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ABSTRACT:  The growing need of high-level anti-fouling coatings and the increasingly 
stringent environment regulations are demanding more versatile and eco-friendly hydrophobic 
materials to be developed in a facile manner. The current study considers new water-borne 
fluoro-silicon polyacrylate polyurethane prepared in a two-step process as a viable candidate of 
green anti-fouling coating. Firstly, the water-borne fluoro-silicon polyacrylate (WFSiPA) 
dispersion was prepared via emulsion co-polymerization based on vinyl-terminated silicon 
compound and acrylate monomers containing hydroxyl, carboxyl, and fluorinated functional 
groups. Formulation was optimized based on studies of reaction process, emulsion stability and 
rheology, to achieve dispersion with a well-defined resin composition and a good leveling 
behavior for coating film cast. Then a water-borne isocyanate was introduced to cure the WFSiPA 
dispersion during the film cast whereby the two-component hydrophobic fluoro-silicon 
polyacrylate polyurethane (WFSiPAU) coating was produced. The surface self-segregation 
characteristic of fluorine (F)-segments and silicon (Si)-segments has been elucidated based on 
XPS and SEM-EDX analysis of the WFSiPA and WFSiPAU films, with strong F and Si 
enrichments on film surface and element gradient distributions across film cross-section clearly 
observed. The long Si-O-Si linkage structures of the segregated Si-segments induced a silicon 
dominance on film surface with fluorine dominated in an underneath buried layer. However, the 
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curing reaction greatly enhanced the exposure of fluorine to the air as the siloxanne-based acrylate 
backbones was tightly cross-linked in the film, showing reduced surface self-segregations of the 
Si-segments. Moreover, the surface dominance of the F- and Si-segments and the curing governed 
the properties of the film, exhibiting an excellent surface hydrophobicity with an amphiphobicity 
potential, an enhanced thermal stability and tunable mechanical performances. Such novel coating 
films foresee promising applications in broad fields where hydrophobicity, antifouling and high 
performance are required.  
 
Keywords: water-borne fluoro-silicon polyacrylate-polyurethane; surface segregation; 
hydrophobicity; emulsion polymerization 
 
1. INTRODUCTION 
The booming market in coating industry is demanding more and more high-level and functional 
performances to be developed in coating films to meet various requirements in practical 
applications such as strong adhesion, stability, reflection, antifouling and anticorrosion, etc.[1, 2]. 
Meanwhile, the legislative restriction on solvent (i.e. volatile organic compounds, VOC) 
emissions has driven surged interests on development of eco-friendly coatings, among which 
water-bone polyurethane (PU) represents a very important class[3, 4]. The wide use of PU as 
coating material is greatly benefited from its outstanding properties in film-forming, mechanics, 
gloss, decoration, as well as wear, corrosion and aging resistances, to name just a few [5, 6].  
Hydrophobicity (especially the amphiphobicity and the super-hydrophobicity) and good 
elasticity are two major features that are highly desired in new coating materials. Various 
approaches have been used in the literature to develop hydrophobic surfaces, which are mostly 
resorting to a complex chemistry design or an intricate structural control[7], difficult to be scaled 
up for throughput production. Organic fluoride material, benefitting from the short length of C─F 
covalent bond and its large bond energy, exhibits a very good hydrophobicity, heat resistance and 
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chemical resistance [8-12]. Consisting of Si─O covalent bonds that can easily and freely rotate at 
low temperatures, organic silicon is well known to be a very good elastomeric material (e.g. often 
used as rubber matrix)[13, 14]. Introduction of the fluorinate and the silicated monomers to resins 
such as polyacrylate as molecular structural segments, either through synthesis or through 
modification, allows great enhancement in the film properties with regard to the hydrophobicity, 
chemical and heat resistance, adhesion, roughness and weather stability [15-20]. Alternatively, 
surface treatments with organosilanes and fluorosilanes have been used for surface 
hydrophobicity and wearability improvement [21-23]. To the best of our knowledge, few efforts 
have been made to integrate the organic fluorine and silicon materials into polyurethane for 
coating manufacture, despite the fact that this combination would produce a high-performance 
coating film with expected properties of high toughness, anti-fouling, anti-bacterial sterilization 
and anti-aging, etc. This is, on the one hand, due to the poor compatibility between the 
fluorinated/silicated polymers and the PU system that inhibits their combination, as well as the 
lack of a reliable reaction formulation, and on the other hand, due to the insufficient 
understanding on the governing mechanism of fluorinated/silicated segments on film surface 
hydrophobicity.   
Hydroxyl polyacrylate, not ideal to be used alone for coating manufacture due to its drawbacks 
in cold resistance, however, is a versatile polymer that can be readily combined with other 
polymers such as organic silicon and fluorine materials through co-polymerization (e.g. block- or 
graft-), polyurethane and epoxy resins through cross-linking reactions or blending, etc. [24-26]. In 
particular, being cross-linked with isocyanate curing agents or polyisocyanate prepolymer, it 
forms a two component waterborne PU system of polyacrylate-polyurethane, showing a 
significantly enhanced performance as a coating. Meanwhile, a good compatibility between 
polyacrylate and polyurethane has been well demonstrated as a result of multiple hydrogen bonds 
forming among intermolecular chains and intramolecular segments[27].  
In the current study, a hydrophobic and elastomeric water-borne coating film was aimed to be 
fabricated by combining polyurethane and fluorinated/silicated polymers in a relatively facile 
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manner using hydroxyl polyacrylate as a bridge. Firstly, water-borne hydroxyl polyacrylate resins 
(WFSiPA) with fluorine segments (F-segment) and silicon segments (Si-segment) included were 
synthesized using emulsion polymerization method with vinyl-terminated silicon compound 
copolymerized with acrylate monomers containing hydroxyl group, carboxyl group, and fluorine 
alkyl group. Then a water-borne isocyanate curing agent of hydrophilic aliphatic polyisocyanate 
was introduced to react with the WFSiPA emulsion at appropriate proportions to prepare 
two-component water-borne polyacrylate-polyurethane coating (WFSiPAU). The curing reactions 
are expected to happen between hydroxyl groups in the WFSiPA and isocyanate groups in the 
isocyanate curing agent. Thereby, fluorine and silicon segments are well integrated into 
polyurethane in the two-stage process, endowing the polyacrylate-polyurethane coating with 
additional features of good surface hydrophobicity and great elasticity, etc.   
One key to the success of the strategy relies on a good formulation and an optimized reaction 
condition in the first stage to achieve an ideal WFSiPA dispersion with well-defined composition 
and properties for film cast. To this end, the effect of organic fluorine, silicon, acrylate monomers 
and of reaction conditions such as temperature, initiator and emulsifier contents on polymerization 
efficiency, emulsion stability and rheology was investigated. Afterwards, the WFSiPA polymers, 
together with the WFSiPA and WFSiPAU coating films were characterized using a series of tools 
including gel permeation chromatography (GPC), Fourier transform infrared spectroscopy 
(FT-IR), scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX), 
X-ray photoelectron spectroscopy (XPS) and thermogravimetric analyzer (TGA)/differential 
scanning calorimetry (DSC). During film cast, thanks to its hydrophobicity and low surface free 
energy, the fluorine- and silicon- containing segments/groups are preferentially migrating and 
self-segregating towards film surface and even giving rise to a micro-phase separation [28]. One 
original contribution of this work is to investigate in depth the surface self-segregation 
characteristics of the F- and Si-segments in the WFSiPA and WFSiPAU coating films with regard 
to the effect of PU curing. This is closely associated to the properties we are targeting including 
the surface wettability and mechanical performances (e.g. adhesion and hardness, etc.)  
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2. EXPERIMENTAL SECTION  
2.1. Materials and formulation. Sodium chloride (NaCl), acetone, tetrahydrofuran (THF), 
absolute ethanol and the materials listed in Table 1, except vinyl-terminated dimethyl silicone, are 
chemically pure reagents purchased from Sinopharm Chemical Reagent Co. (Shanghai, China). 
The vinyl-terminated dimethyl silicone, a polydimethylsiloxane ended with two vinyl groups 
( ), was purchased from Jiande Polymer New Materials Co. Ltd. (Hangzhou, 
Zhejiang province, China). It is a transparent liquid with a kinetic viscosity of 500.0±50.0 mm2/s 
(25 oC) and the vinyl group content is 1.33 mol%.  
Table 1. Experimental material and representative formulations of WFSiPA  
Material Abbreviation 
Formula 
1#/g 
Formula 
2#/g 
Formula 
3#/g 
acrylic acid AA 2.0 2.0 2.0 
butyl acrylate BA 35.0 27.0 23.0 
methyl methacrylate MMA 44.0 44.0 44.0 
hydroxyethyl acrylate HEA 10.0 10.0 10.0 
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooct-
yl methacrylate 
FMA 4.0 12.0 16.0 
vinyl-terminated dimethyl silicone VSi 5.0 5.0 5.0 
ammonium persulfate APS 0.5 0.5 0.5 
sodium bicarbonate NaHCO3 0.2 0.2 0.2 
lauryl sodium sulfate SDS 0.4 0.4 0.4 
octylphenol polyethoxylete OP-10 1.5 1.5 1.5 
 
The used hydrophilic aliphatic polyisocyanate is a hexamethylene-1,6-diisocyanate (HDI), 
Bayhydur® XP2655, purchased from Bayer Co.(China). It has a viscosity of 3500±1000 m Pas 
(23°C) and a density of ~ 1.16 g/cm3, with the ─NCO content being 20.7 wt% ~21.7 wt%, 
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isocyanate monomer content less than 0.3 wt%, and water content not more than 0.05 wt%.  
Three representative formulations of WFSiPA synthesis, Formula 1#, 2# and 3#, differing in the 
content of fluorine monomer(FMA), 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl methacrylate 
(
C
H2C
H3C
O
OCH2CH2(CF2)5CF3
 ), and butyl acrylate (BA) monomers listed in Table 1, with the 
obtained samples denoted as Sample a, Sample b and Sample c, respectively. 
2.2. Synthesis of WFSiPA. According to the formulation in Table 1, SDS, OP-10, NaHCO3 
and 97.0 g deionized water were mixed in a flask under stirring until the solids were fully 
dissolved. Then the monomers of MMA, BA, AA, HEA,VSi, FMA, and the initiator APS were all 
added into the flask, and stirred thoroughly to form a pre-emulsion mixture.  
1/3 amount of the pre-emulsion mixture was transferred to another flask equipped with a 
condenser, a dropping funnel and a nitrogen tube. The solution was stirred and heated up to 70 oC 
under protection of a nitrogen atmosphere for 20 min, with the appearance gradually becoming 
blue. Then the remaining 2/3 amount of the pre-emulsion mixture was added dropwise in 2 h. The 
temperature was further increased to a given value (i.e. 75 oC, 80 oC or 85 oC) and the reaction 
was kept for 2 h, before being cooled down to 45 oC. The as-obtained WFSiPA emulsion was 
filtered with 200 mesh nylon fabric.  
2.3. Purification of WFSiPA. To obtain pure polymers, the as-obtained WFSiPA emulsion 
was demulsified at room temperature with addition of 0.5M NaCl solution, whereby the WFSiPA 
polymer precipitated and separated from the residues (e.g. surfactants and salts). After washing 
with deionized water (5 times) and then absolute ethanol (3 times), the precipitate was fully dried 
overnight in vacuum oven (0.08 m Pa at 45 oC) and stored for further characterizations.  
2.4. Preparation of WFSiPAU Film. To prepare two component water-borne polyacrylate- 
polyurethane coatings (WFSiPAU), the as-prepared WFSiPA emulsion (containing ─OH groups) 
was blended with curing agent of XP2655 (containing ─NCO groups) in a flask under nitrogen 
protection and agitation for 10 minutes before being cast on a glass slide that was cleaned and 
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dried beforehand. A stoichiometry molar ratio (r) of ─NCO group versus ─OH group equating 1:1 
was applied in the curing with the number of –OH functions calculated based on the amount of 
HEA monomer in WFSiPA emulsion formulation(Table 1) given that the side reaction during the 
polymerization is negligible. The coated glass slide was then left at room temperature for 1 week 
allowing for completion of the curing reaction and evaporation of water, and a final WFSiPAU 
coating film with a thickness of ca 30 m was thus achieved. For comparison purpose, WFSiPA 
coating was cast using identical experimental conditions without curing reaction.  
2.5. Measurement methods. 2.5.1. Molecular weight. Number-average (Mn), weight–
average (Mw) and Z-average (Mz) molecular weights and polydispersity index (PDI, Mw/Mn) of 
the puried WFSiPA polymers were measured by gel permeation chromatography (GPC) analyzer 
(1515, Waters, USA) at room temperature using THF as an eluent. The data were analyzed using 
narrow-molecular weight-distribution polystyrene standard samples as calibration references.  
2.5.2. Rheology. Rheological properties of the resultant WFSiPA emulsions, more exactly the 
dispersions of polymeric particles, were measured using a rotation viscometer (Brookfield, R/S 
plus, USA) with shear rate (D) increased gradually from 0 to 500 s-1 in a time range of 300 s. 
2.5.3. Morphology. Scanning electron microscopy (SEM) examination on the morphology of film 
surface and film cross-section was performed at an accelerating voltage of 5.0 kV in a scanning 
electron microscope (JSM-7500F, JEOL, Japan). The cross-section was obtained by fracturing the 
sample in liquid nitrogen. Before examination, the samples were sputtered with gold to minimize 
electrostatic charging and improve imaging resolution. Moreover, energy dispersive X-ray 
spectroscopy (EDX) in the same microscope was used to analyze elemental compositions at 
different locations on Film-air surface, Film-glass interface and film cross-sections.  
2.5.4. X-ray photoelectron spectroscopy (XPS) analysis. XPS analysis on the surface and 
cross-section of the dry and fresh coating films was completed in a Escalab 250Xi instrument 
(Thermo Scientific, USA), equipped with a Al/Ka (X-ray) double anode target source with a mode 
of LargeAreaXL monochromatization lens, and a mode of CAE pass energy 30.0 eV analyser. The 
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measurement was performed with an angle of incidence of 30.0°, energy step size of 0.050 eV, 
scanning for 6 times in a total acquisition time of 120.3 seconds for 401 energy steps. The element 
binding energy data were corrected by C1s sample peak at 284.8 eV. 
2.5.5. Fourier transform infrared (FT-IR) analysis. FT-IR spectrum of the sample film was 
collected in an infrared spectrometer (5700, Nicolet, USA). A minimum of 32 scans were 
performed in the spectral range of 675~4000 cm-1 using an attenuated total reflection (ATR) 
method with a resolution of 4 cm-1.  
2.5.6. Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) analysis. 
TGA was performed using ~5 mg samples in a TGA/SDTA851e instrument (Mettle-Toledo, 
Switzerland) at a heating rate of 10 oC/min from room temperature to 600 oC under steady 
nitrogen flow (20 mL/min). Likewise, DSC analysis was performed using ~5 mg samples in a 
DSC822e differential scanning calorimeter (Mettler-Toledo, Switzerland) at a heating rate of 10 
oC/min from room temperature to 250 oC under steady nitrogen flow (20 mL/min).  
2.5.7. Water contact angle (WCA) measurement. The contact angle of the film surface was 
measured in a tensiometer (SL 200B, Solon Tech Ltd. Shanghai) by placing a ~10 µL droplet of 
pure water on the film. A minimum of 6 sessile drop measurements at different locations were 
performed to improve statistical confidence in the observed trend.   
 
3. RESULTS AND DISCUSSION 
3.1. Emulsion co-polymerization of WFSiPA.  
The free radical co-polymerization reaction of WFSiPA in emulsion was evaluated based on 
Formula #1 (Table 1) in terms of monomer conversion (acon) and solid content (S), measurements 
of which are given in the supporting information. The acon experiences a gradual increment with 
temperature below 80 oC (Figure 1a) as a result of the half-life reduction of APS initiator in 
generating free radicals for polymerization. However, a subtle reduction was observed above 80 
oC, which is likely to be associated with the reduced emulsifying efficiency of the emulsifiers in 
forming stable micellization at high temperatures. Figure 1a also shows the effect of initiator 
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(APS) on the monomer conversion. The observed initial increase acon is understandable 
considering more free radicals generated with increased APS favors the co-polymerization rate. 
Once the APS is above 0.4 wt%, the acon undergoes a gradual decrease. This is likely associated to 
the decomposition of excess APS molecules into acidic substances that affects the stabilization of 
the emulsion system[29, 30]. Hence, the reaction temperature was optimized to be 80 oC and the 
APS to be 0.4 wt% ~ 0.6 wt% unless otherwise specified. 
  
Figure 1. a) Monomer conversion as a function of reaction temperature and of initiator amount; b) 
solid content of emulsion as a function of VSi and FMA monomer amount  
Likewise, the content of the mixed anionic (SDS) and non-ionic (OP-10) surfactants (1:2 in 
weight) was optimized based on the stability measurement of the emulsion system to be 3.5 wt% 
(data not shown). The mixtures played a synergic role in the stabilization of the micelle droplets 
for copolymerization reactions, with the SDS forming an electrostatic repulsion and the OP-10 
forming a steric barrier. Briefly, a too small amount of emulsifiers caused production of some 
polymeric gels as a result of emulsion destabilization, while a too high amount resulted in not 
only too small droplet sizes but also weak water resistance of the resultant coating films.    
Figure 1b shows the effect of silicone monomer VSi and fluorinated monomer FMA on the 
emulsion solid content (S). Above a critical value (i.e. ~5 wt% for VSi and ~12 wt% for FMA), 
the increased content of functional monomer (VSi or FMA) is adverse to the polymerization with 
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a decreased solid content (S). This is probably attributed to their strong hydrophobicity, the long 
carbon chains in the VSi and the FMA, that makes them more difficult compared to other 
monomers (i.e. MMA and BA) to be transported from oil droplets through water phase to the 
micelles where the polymerization reaction happens. Based on the results, no more than 7.0 wt% 
of VSi and than 16.0 wt% of FMA was used in the current study.  
In addition, the effect of acrylic acid (AA), the most hydrophilic monomer involved, on the 
emulsion stability was also studied based on several different stability measurements (data shown 
in Table S1). Due to the ionization in water of the acid group, a certain amount of AA can provide 
additional surface charges to the droplet, favouring emulsion stability with enhanced repulsive 
forces. However, a too high AA amount (e.g. AA ≥ 5.0 wt%) is unfavorable to the emulsion  
stability considering that a too acidic aqueous environment and an increased hydrophilicity and 
polarity in the monomer micelles are destructive to the electrostatic stabilization of the system. 
The circumstance is particularly influential for Ca2+, centrifugal and storage stabilities (see Table 
S1). Based on the analysis, the AA is optimized to be ~ 2.0 wt% for the experiment.    
3.2. Rheological property of WFSiPA dispersion.  
In the as-prepared WFSiPA dispersion, the particle size of WFSiPA latex was measured at 25.0 oC 
to be in the range between 0.10 and 0.25 m (see Figure S1), averaged around 0.17 m. Such a 
submicron scale particle size and the relatively narrow distribution makes the WFSiPA dispersion 
have good leveling properties to form a smooth coating film. Flow behavior (rheology) of the 
dispersion is also important to be evaluated for a dispersion to be used in coatings. The solid 
content of the current system was fixed in 48 wt%-50 wt% (Figure 1b), giving a volume fraction 
of 40.68 vol% ~ 42.37 vol% as estimated based on the density of PMMA, 1.18 g/mL. This is still 
far from the theoretical maximum hexagonal packing fraction of 0.74 for spheres where particle 
motions become frozen[31]. In principle, for a given particle size and a fixed volume fraction, the 
rheological properties depend mainly on the nature of the particle, that is the WFSiPA polymeric 
latex in this work. 
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Figure 2. Flow curves of WFSiPA dispersion with varied monomer contents of: a) VSi, b) FMA, 
c) AA; and d) shear stress versus shear rate of WFSiPA dispersion at wAA = 2.0 wt%.  
Figure 2 shows the effect of content of different monomers, VSi, FMA and AA on rheological 
properties of the WFSiPA dispersion. Obviously, the dispersion exhibits a typical shear-thinning 
behavior with viscosity (η) decreased with increased shear rate (?̇?) and ended at high shear rates 
with a Newtonian region (i.e. the η become independent of ?̇?). In principle, in the shear-thinning 
stage, the original disordered structure of the system starts to breakdown and form layers 
coincident with the plane of shear, while hydrodynamic interaction predominates over Brownian 
diffusion at high ?̇? the layer can ‘slide’ freely and hence the Newtonian stage is reached. The 
composition of the copolymers can affect surface properties of the latex particles and hence the 
rheological behavior. As VSi is increased, the apparent viscosity of the system decreases (Figure 
2a). This is because the increased Si-segments provide increased hydrophobicity of the WFSiPA 
particle, thus thinning the surface hydration layer and electrical double layer (refers to two parallel 
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layers composed of a Stern layer of surface bound ions and a second layer of attracted counter 
ions). Hence, the effective volume (i.e. physical volume of a particle plus its double-layer 
thickness) fraction is reduced, and so is the viscosity of the dispersion. This is consistent with the 
study of the polymerization reaction (Figure 1b) that is affected by emulsion stability. The effect 
of FMA on rheology is much less significant, with only a slight increment of η with FMA (Figure 
2b). This is likely due to a balance between the hydrophobicity enhancement and the potential 
hydrogen bonding interactions between F-segments in WFSiPA molecules and aqueous media.  
As shown in Figure 2c, AA has a significant effect on rheology of the WFSiPA dispersion, 
showing an increase of the η by almost one order of magnitude with AA increased from 1.0 wt% 
to 7.0 wt%. The acrylic acid, ionized in aqueous environment, increased the particle surface 
charge, so as the the double-layer and the effective volume fraction. Note that the more significant 
increment in η for AA > 5.0 wt% is likely due to the possible partial particle aggregations 
indicated from the relatively poor emulsion stability under this condition (Table S1).  
In addition, Figure 2d shows a good thixotropy behavior of the WFSiPA dispersion, with the shear 
stress (τ) developed with increased ?̇? returned to the initial state with a small thixotropy loop 
when a decreased ?̇? was applied. This indicates a good structure recovery of the dispersion, 
which is a very important feature for a liquid to be used as coatings since it can be applied evenly 
without dripping.   
3.3. Characterizations of WFSiPA polymer and WFSiPAU coating films 
Table 2 gives GPC data of the WFSiPA polymers based on Formula 1# (Table 1) as a 
representative (considering that the data are not much different between formulas) and results 
obtained at different reaction conditions are compared. The Mn, Mw and Mz of the WFSiPA 
polymers synthesized at 75 oC and 80 oC are consistent, lying around 1.2×104, 2.06×104, and 
3.40×104 gmol-1, respectively, with a relatively small PDI ~1.7. However, the molecular weight is 
increased and the distribution is significantly broadened when polymers were synthesized at 85 oC. 
This is probably due to the occurrences of some side co-polymerization reactions and/or 
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molecular chain transfer reactions at 85 oC, generating unexpected graft polymers.  
Table 2. GPC analysis results of WFSiPA 
T/ oC Mn /gmol-1 Mw /gmol-1 Mz /gmol-1 PDI 
75 1.22×104 2.04×104 3.23×104 1.67 
80 1.18×104 2.06×104 3.40×104 1.75 
85 1.55×104 7.70×104 3.91×105 4.97 
 
Figure 3 shows FT-IR analysis of WFSiPA and WFSiPAU coating films obtained based on 
Formula #1 (Table 1). The clear sharp peak at 1730 cm-1 observed in both samples is attributed to 
the vibration of the C=O in ester groups that originates from acrylic monomers (i.e. 
MMA,AA,BA,HEA, etc.) and/or from urethane group (─HNCOOR) in polyurethane. The 
characteristic adsorption peak of ─Si(CH3)2O─ at 804 cm-1 and those of C─F covalent bonds at 
1162 cm-1 and 1237 cm-1 demonstrate the success of the co-polymerization with the VSi and the 
FMA being integrated in the polymers. In the WFSiPA, the broad adsorption band in the range of 
3484~3500 cm-1 is attributed to the stretching vibration of ─OH groups, which is replaced with a 
peak at 3363 cm-1 in the WFSiPAU, being assigned to the characteristic of N─H in urethane group. 
This confirms the generation of ─HNCOOR linkage as a result of the cross-linking reaction 
between ─OH groups in WFSiPA and ─NCO groups in XP2655 hardener. This success is further 
supported by the absorption peak of the C=O at 1689 cm-1, which might be attributed to the 
hydrogen bonded urethane or by-products such as isocyanurate or urea in polyurethane, and by 
the bending vibration absorption peak of N─H at 1565 cm-1 observed in the WFSiPAU sample.  
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Figure 3. FT-IR spectra of WFSiPA and WFSiPAU coating films 
    During the random copolymerization, WFSiPA polymer chains with different chemical 
structures can be formed, among which one A possible chemical structure that involves silicone 
segment as a block/link in the chain is speculated as follow (Figure 4): 
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Figure 4. Proposed structure of WFSiPA 
 
3.4. Surface and interfacial self-segregation analysis.  
Surface and interfacial self-segregation characteristics of fluorine- and silicon-segments in the 
coating films are investigated based on two WFSiPA coating films prepared from Formula 1# and 
Formula 2#, coded Sample a and Sample b, and on the corresponding WFSiPAU coating films 
(cured with XP2655 by r = 1:1), coded Sample a-U and Sample b-U. In particular, the film-air 
(Film-air) surface and the film-glass (Film-glass) interface were characterized by XPS, and the 
representative XPS spectra of the film-air surfaces are shown in Figure 5. As can be seen in 
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Figure 5a, the elements of carbon, oxygen, silicon and fluorine are present in all the four films, 
further confirming the successful synthesis of the polymers. The additional peak of N 1s observed 
at 400.2 eV in Sample a-U and Sample b-U confirms the success of curing reaction with 
formation of urethane groups in the WFSiPAU coating films. Figure 5b-c shows high resolution C 
1s and O 1s spectra of Sample b-U. Besides the peaks of C─C, C─H groups at 284.67 eV, C─O 
group at 286.22 eV, and O=C─O group at 288.83 eV, emanating from polyacrylate chains, the 
characteristic peaks of C─Si at 284.25 eV, C─F at 288.83 eV and CF3 at 292.99 eV are observed 
in the C 1s spectra. In the O 1s spectra, the corresponding groups of O=C, C─O─C, O─H and 
O─Si are identified at 531.71 eV, 532.27 eV, 533.12 eV, and 532.83 eV, respectively. The results 
also indicate that both fluorine- and silicon-containing groups are able to migrate and 
self-assemble at the interfaces of films as driven by their lower surface energies and 
self-segregation characteristics. It is worth noting that for a similar formulation, the fluorine 
enrichment at film-air interface is more pronounced in the WFSiPAU compared to the WFSiPA 
coating, as demonstrated from their intensity difference in F 1s spectra (see Figure 5d) and the 
presence of CF3 peak in the Sample b-U while insignificant in the Sample b (Figure 5b-inset). That 
is, the migration and self-segregation of fluorine towards film-air interface is favored by the 
curing reaction. 
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Figure 5. (a) XPS survey spectra of WFSiPA and WFSiPAU coating films; High resolution XPS 
spectra of C1s (b) and O1s (c) of WFSiPAU film (sample b-U); (d) F1s specta of the coating films 
 
Figure 6 shows the surface and cross-section morphology of the coating films with varied FMA 
contents (i.e. Sample a, b, c based on Formulas 1#, 2#, 3#) and with/without curing. As can be 
seen, the smooth surface morphology of the WFSiPA film at a low FMA of 4.0 wt% becomes 
rougher with FMA increased, exhibiting some intaglio printing-like textures (Figure 6c). This 
change is likely associated with the enhanced fluorine enrichment on film surface as a result of 
the self-segregation of F-segments towards film interface and the resultant greater surface 
hydrophobicity with a lower surface energy. The phenomenon is further enhanced with curing 
reaction, producing a surface with dimples and wrinkles in Sample d of WFSiPAU film (Figure 
6c), while its cross-section morphology is rougher and looser than Sample c (Figure 6e, f). This 
finding is consistent with the XPS data. Note that, the self-segregation of Si-segments together 
with its enrichment towards film interface can also contribute to the surface morphology.     
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Figure 6. SEM images of WFSiPA coating films: (a) Sample a (Formula 1#), (b) Sample b 
(Formula 2#), (c) Sample c (Formula 3#,) and (d) Sample d that is the WFSiPAU film made from 
the Formula 3# WFSiPA cured with XP2655 in a r of 1:1; (e) and (f) are the cross-sections of 
Sample c and Sample d  
In the random copolymerization reaction of WFSiPA, silicon-segments were formed in the 
backbone of polymer chains as the vinyl-terminated polysiloxane was copolymerized as a part of 
the backbone (see Figure 4). However, fluorines come from a side chain of threen fluorine 
substituted alkyl (i.e. –CH2CH2CF2CF2CF2CF2CF2CF3) in ester group of fluorated methacrylate 
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monomer that remained as a side chain after co-polyermization. Obviously, the Si-segment is 
much longer than the F-segment, distributed in the WFSiPA molecular main chains and enriched 
in a relatively internal part of the particle, with side groups of F-segments preferentially located in 
an outer layer of the particle due to its lower surface energy. During the random copolymerization, 
four possible polymer chains can be formed (see Figure 7): polyacrylate with Si-segment, 
polyacrylate with F-segment, polyacrylate with both Si- and F-segments, and pure polyacrylate.   
 
Figure 7. Schematic illustration of interface-segreation during the formation of WFSiPA and 
WFSiPAU coating films   
During the cast film formation, thanks to their stronger hydrophobicity, both the F-segments and 
the Si-segments self-segregated and migrated towards the film surface to minimize the surface 
energy. XPS and SEM-EDX are used to quantitatively characterize the elemental composition on 
the surface of the film samples and the data are listed in Table 3. Theoretical values calculated 
from chemical formula of the monomers are also presented as reference. Note that XPS measures 
the chemical information within 2~10 nm depth from surface of the sample[18, 32], different from 
SEM-EDX that measures a broader area within a depth of 20~200 nm [33-35]. Therefore, the 
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results between XPS and SEM-EDX can be different, with that of SEM-EDX being more 
consistent with the theoretical values of bulk (Table 3). In fact, both the fractions of F element and 
Si element measured by XPS and EDX analysis are greater than the theoretical values, confirming 
the strong immigration of the fluorine and silicon toward the film-air interface. Intriguingly, the 
fraction of Si element but not the F element measured by XPS is much higher than EDX and the 
theoretical calculation for all the four samples, while the fraction of F element measured by EDX 
for the samples is much higher than the other two measurements. This indicates that the film 
surface (c.a. top 10 nm, an area accessible by XPS), though enriched with both fluorine and 
silicon, is dominated by silicon-containing groups with fluorine-containing groups dominated 
beneath the top surface in a further depth (i.e. a region accessible by EDX but not XPS), schemed 
in Figure 7. This is probably due to that the surface self-segregated Si-segments present in term of 
long backbone Si-O-Si linkage structures originating from VSI, which acts as steric barriers to the 
exposure of the F-containing groups (Figure 7). This phenomenon is mitigated by the isocyanate 
curing, as revealed by the increased F/Si ratio (XPS) in a-U and b-U samples (WFSiPAU) as 
compared to the a and b samples (WFSiPA), respectively (Table 3), supported also from the XPS 
analysis (Figure 5b-inset). This is not difficult to understand considering that the polyacrylate 
chains that have hydroxyl groups were cross-linked by isocyanate into network structures, greatly 
limiting the migration of Si-segments, especially those in the silicon-polyacrylate diblock chains, 
towards the interface. However, the F-segments that own no groups to be cross-linked, especially 
those in the fluoro-silicon polyacrylate triblock chains, maintain a good migration rate and 
self-segregation towards the film surface (Figure 7). The enrichment of Fluorine elements on film 
surface is thus enhanced following the curing process.   
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Table 3. Surface chemical composition of WFSiPA and WFSiPAU films 
Sample Method 
Weight /%  
C O F Si F/Si 
a 
Theoretical 63.45 31.79 2.68 2.08 1.29 
XPS 51.31 25.56 3.92 19.21 0.20 
SEM-EDX 61.86 23.74 10.80 3.60 3.00 
a-U 
XPS 60.53 28.92 2.85 7.70 0.37 
SEM-EDX 59.92 26.77 9.79 3.52 2.78 
b 
Theoretical 62.37 29.57 4.22 3.84 1.10 
XPS 54.41 24.51 5.52 15.56 0.35 
SEM-EDX 61.50 28.11 5.97 4.43 1.35 
b-U 
XPS 55.24 26.28 11.05 7.43 1.49 
SEM-EDX 55.47 25.03 15.50 4.00 3.88 
 
Furthermore, to reveal the element gradient distribution in the film arised from immigration and 
self-segregation of the F- and the Si-segments during the film formation, SEM-EDX measurement 
was performed on different locations along the film cross-section. That is, from film-air interface 
(Film-air) to a nearby region underneath the surface (Surface vicinity), central region in the 
cross-section(Central section) and the film-glass interface (Film-glass). Figure 8 shows the 
distribution of fluorine and silicon elements along the film cross-section, with the detailed EDX 
data given in Table S2. The fluorine exhibits a gradual decrease across the cross-section from 
Film-air interface to the Film-glass interface, indicating a directional migration of the F-segment 
towards the film surface (air side) as a result of its low-surface energy. The silicon shows a 
parabolic trend, bottomed at the cross-section center and peaked at the Film-air and Film-glass 
interfaces, with the side of Film-glass being the maximum. The preferential enrichment of 
Si-segment toward glass-side interface is likely due to the condensation reactions between 
polysiloxane chains and glass surface through formation of the tight Si-O-Si linkage network 
structures during the latex film formation process. This finding is consistent with some earlier 
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studies [28].    
 
Figure 8. Weight fraction of fluorine and silicon elements measured by EDX in different locations 
of WFSiPAU coating film    
 
3.5. Thermal properties of the coating film  
Figure 9a shows the DSC analysis of WFSiPA coating film and its corresponding curing 
WFSiPAU film(r=1:1), using Formula 3# (i.e. sample c and sample d) as a representative. Note 
that though dynamic mechanical analysis (DMA) would be better for cross-linked materials, DSC 
is also sensitive enough to demonstrate glass transitions[36]. In the measurement temperature 
range, two separated glass transition temperatures (Tgs) are observed (data given in Table 4), 
indicating a microphase-separated morphology. This is a result commonly observed in block 
copolymers of incompatible components and blends with thermorheological complexity [37]. The 
incompatibility of the segments (e.g. F-segment, Si segment from the others) that tend to 
self-segregate is the main reason for the observed separated Tgs in this study, which might be 
dependent on fluorine content. Upon cross-linking, the microphase-separated circumstance in the 
film is not substantially affected but the Tgs are slightly increased from 19.7 oC to 23.3 oC and 
from 48.7 oC to 58.4 oC, respectively. The additional Tg observed at 80.8 oC in WFSiPAU is 
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supposed to be the response of hard ─NHCOOR segments.   
  
Figure 9. DSC (a) and TGA (b) curves of the WFSiPA and WFSiPAU films 
The corresponding TGA analysis of the coating films is shown in Figure 9b, and the 
characteristic temperatures at decomposition of 5.0 wt% (Td5%), 50.0 wt% (Td50%) and that with the 
maximum decomposition rate (Tmax), together with the residual mass (ωC) at 600 oC are listed in 
Table 4. Note that, a water-borne pure co-polyacrylate resin (WPEA) synthesized under identical 
conditions was used as a control sample. Obviously, the introduction of F-segments and 
Si-segments does enhance the thermal stability of the polymer, showing a shift of Tmax from 392.3 
oC in WPEA to 406.6 oC in WFSiPA. After cross-linking, the thermal stability is further enhanced, 
showing a shift of the Tmax of polyacrylate backbone decomposition to 410.8 oC for WFSiPAU and 
appearance of a second Tmax at 463.9 oC. The second Tmax is most likely associated with the 
degradation of the generated hard ─NHCOOR segments. Hence, the improved heat resistance of 
WFSiPAU to be used as a coating film is well demonstrated, consistent with the literature [38]. 
Table 4. Thermal phase transition and degradation data of the film samples 
Film sample Tg /oC Td 5% /oC Td 50% /oC Tmax /oC ωC /% (at 600 ℃) 
WPEA No test 248.7 391.4 392.3 2.7 
WFSiPA 19.7, 48.7 268.9 400.0 406.6 2.9 
WFSiPAU 23.3, 58.4, 80.8 288.8 410.5 410.8, 463.9 4.0 
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3.6. Surface wettability of the film. Water contact angle (WCA) can be used as an important 
measure of surface wettability of the coating films. Figure 10a shows the measured WCA of the 
waterborne fluoro-silicon films as a function of FMA, VSi and XP2655 contents. It is evident that 
both the F-segments and the Si-segments in WFSiPA significantly increase surface hydrophobicity 
of the films as expected. In particular, in absence of F- and Si-segments, the WCA of WPEA film 
is only 28.0°. With an increase of FMA from 0 wt% to 16.0 wt% and of VSi from 0 wt% to 9.0 
wt%, the WCA of WFSiPA film increases from 56° to 102° and from 28° to 66°, respectively. 
This is consistent with the surface enrichment of the fluorine and silicon on the film surface as 
demonstrated above. Moreover, the curing reaction with XP2655 also increases the WCA of the 
WFSiPAU film from 102o for XP2655 = 0 wt% to 110o for XP2655 = 6.0 wt% before leveling off for 
higher XP2655. The presence of polar groups of ─NHCOOR in the WFSiPAU would be argued to 
favor the hydrophilicity of the coating film. However, as demonstrated above (Figure 7), the 
curing reaction can greatly enhance the enrichment of fluorine on film surface (Figure 5b & Table 
3), and hence favors surface hydrophobicity. The compromising effect of these two factors 
determines the ultimate surface wettability of the WFSiPAU coating film with the observed subtle 
WCA increment. The measured WCA in the current work is consistent with previous studies[11, 
28, 39] of fluoro-/silicon-coatings that involved similar fluorine/silicon content on film surface 
given the potential effect from waterborne PU.   
  
Figure 10. Water contact angle (WCA) (a), water adsorption (SWA) and weight loss (LWO) after 
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acetone elution (b) of the coating films (WFSiPA or WFSiPAU) as a function of FMA, VSi and 
XP2655 contents 
The good suface wettability of the coating films with increased FMA, VSi, or XP2655, is further 
confirmed by the observed excellent performances of water resistance and organic solvent 
resistance shown in Figure 10b. The water and organic solvent resistances were determined in 
term of water adsorption (SWA) and of film weight loss (LWO) after acetone elution with Soxhlet 
extraction, respectively. The experimental details are given in the supporting information. A 
general trend of SWA and LWO decreasing with FMA, VSi, and XP2655 was observed, revealing a 
good amphiphobicity and a potential anti-fouling property of the coating films endowed by the 
introduced Si- and F-segments as well as the cross-linkings. The extractions in the  
uncrosslinked WFSiPA film with low FMA and/or VSi content are likely to be some small chains 
(considering a relatively broad PDI of 1.67-1.75 in GPC data) having –OH groups. The very low 
solvent extraction in the WFSiPAU also indicates negligible uncrosslinked materials in the film 
and on the surface.    
 
3.7. Mechanical properties of the coating film. To evaluate the mechanical performance of 
the films as a coating, pencil hardness, adhesion, impact strength and flexicity of the WFSiPAU 
films were measured with VSi, FMA and r being the variables, and the results are shown in Table 
S3. In general, the films show a good performance, with an impact strength higher than 4.9 J, a 
flexure up to 1mm, a pencil hardness ranging from B grade to 4H grade and an adhesion strength 
from 3 grade to 1 grade (1-the best, 7-the worst), depending on the variables. In particular, as soft 
monomers, the VSi and FMA decrease both the hardness and the adhesion of the coating films, 
with the VSi being more influential on hardness and the FMA more sensitive on adhesion. This is 
usually associated with good flexibility (i.e. low Tg) of the Si- and the F-segments, and their 
strong hydrophobicity together with their surface enrichment. In contrast, the cross-linking with 
XP2655 increases both the hardness (from grade HB for 0 wt% X2655 to 4H for 11.0 wt% X2655) 
and the adhesion (from grade 3 to grade 1) of the WFSiPAU coating film. This is attributed to the 
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rigid structure and the polarity of the ─NHCOOR linkages that are also present on the film 
surface (Figure 5a). The impact strength and flexure of the coating films are less dependent on the 
monomer contents with only a subtle negative effect observed on impact strength at XP2655 = 11.0 
wt% when the amount of hard ─NHCOOR segment is extremely high.  
4. CONCLUSIONS 
In the current study, fluorinated and silicated components have been well integrated into 
polyurethane in a facile two-stage process to prepare a novel hydrophobic water-borne 
polyacrylate-polyurethane-based coating film. Firstly, a fluoro-silicon polyacrylate (WFSiPA) 
dispersion was prepared via emulsion polymerization based on vinyl-terminated polysiloxane, 
acrylate and fluorinated acrylate monomers. Reaction condition and formulation were optimized 
based on evaluations of polymerization efficiency, emulsion stability and rheology, providing 
several good formulas with a VSi of 5.0 wt % and a FMA in the range of 4.0-16.0 wt% for 
coating film preparations. Moreover, the good stability and good rheological properties with a 
clear thixotropy confirm the dispersion to be a good candidate of coating with an acceptable 
leveling behavior.  
The successful synthesis of the fluoro-silicon resin as a random copolymer and the post-curing 
reaction with isocyanate hardener XP2655 into fluoro-silicon polyacrylate polyurethane 
(WFSiPAU) coating film has been well identified by GPC, FTIR and XPS analysis. Furthermore, 
the surface and interfacial self-segregation characteristic of fluorine- and silicon-containing 
segments in the cast WFSiPA and WFSiPAU coating films has been investigated based on the 
XPS and SEM-EDX analysis. Fluorine and silicon enrichment on film surface, with a clear 
gradient distribution across the film cross-section, has been observed. Moreover, silicon 
dominates the surface enrichment on the top with the self-segregated F-segments dominated in an 
underneath buried layer. The PU curing reaction greatly enhanced the exposure of the buried 
F-segments to the air since the cross-linkings between silicon-based backbone chains hindered the 
self-segregation of the silicon-segments towards the film surface. DSC examination also confirms 
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the mirophase-separated morphology driven by the self-segregation of different segments.                    
Moreover, the self-segregation of the F- and Si-segments drive the film surface to be 
considerably hydrophobic, showing a potential amphiphobicity and anti-fouling properties. 
Meanwhile, the coating films own a good thermal stability, and excellent mechanical properties 
with adhesion and hardness tunable by silicone, fluorinated monomer contents and curing ratio. 
Overall, a novel hydrophobic waterborne fluoro-silicon polyacrylate polyurethane film has been 
prepared with lots of desirable performances as a promising green coating for use in broad fields.    
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